Abstract: High precision surface processing has an unmet demand for picosecond pulses with arbitrary temporal profiles in radial polarization states and at high average powers. Here, simultaneous spatial and arbitrary temporal shaping of chirped 10 -100 picoseconds pulses is demonstrated with an Yb-doped fiber laser system generating an output power of more than 10 W at 40 MHz repetition frequency. The closed-loop control algorithm carves the pulses using a commercial, rugged, and fiberized optical pulse shaper placed at the front end of the system and uses feedback from the output pulse shapes for optimization. Arbitrary complex temporal profiles were demonstrated using a dispersive Fourier transform based technique and limits set by the system were investigated. Pulse shaping in the spatial domain was accomplished using an S-waveplate, fabricated in-house, to change the linearly polarized fundamental mode into a doughnut mode with radial polarization. This was amplified in a final-stage few-mode large-mode area fiber amplifier. Placing both temporal and spatial shaping elements before the power-amplifier avoids complex and potentially lossy conversion of the spatial mode profile at the output and provides an efficient route for power-scaling. The use of properly oriented quarter-and half-wave plates, which have both low loss and high power handling capability, enabled the output to be set to pure radial or azimuthal polarization states. Using commercial off-the-shelf components, our technique is able to immediately enhance the versatility of ultrashort fiber laser systems for high precision material processing and other industrial applications. 1929-1960 (2000). 
Introduction
High energy short pulse lasers are widely used for material processing in research laboratories [1, 2] , as well as in industrial and military applications [3, 4] . Fiber lasers, owing to their merits of compactness, ultrahigh optical efficiency, reliability, and ease of thermal management [5] , are playing an increasingly important role in these application areas amongst others. Amongst fiber laser systems, master oscillator power amplifier (MOPA) source configurations provide several key advantages. These include the ability to accurately modulate the system at low power levels at the seed stage prior to substantial amplification, power scalability, and stable operation even at high power levels [5] . Thus, MOPAs are particularly flexible in providing control of the temporal properties of the laser output relative to other laser technologies. In order to pave the way to both improved and new material processing applications, researchers are now exploring the use of different pulse shapes [6] . For example, by applying double pulses with tunable temporal spacing and amplitude ratio, the ablation quality for aluminum, steel and copper can be significantly improved, in terms of less re-cast matter, smoother surfaces, deeper ablation depths, lower burr heights, etc [7] . To optimize the processing of materials by type, or even of individual samples with different physical, chemical and mechanical properties, the pulse energy and the pulse shape in the time domain needs to be precisely controlled.
This ability of tailored temporal profiles to dramatically improve the precision and efficiency of the laser-material interaction is recognized in both the nanosecond and the femtosecond regimes [6, [8] [9] [10] . However, in the picosecond regime, which is emerging as the preferred choice for high precision, high value added processing, pulse shaping is much more difficult. This is because electro-optic modulators used for nanosecond pulse shaping are not fast enough for picosecond-scale shaping and, unlike femtosecond pulses, picosecond pulses do not have enough bandwidth for spectral-domain shaping using dispersion alone. Previously, fixed shaping of spectrally narrow picosecond pulses has been demonstrated, e.g. by using superstructured fiber Bragg gratings for rectangular pulse generation [11] , using abrupt taper interferometers or long-period fiber gratings for flat-top pulse shaping [12, 13] , using temporal coherence synthesis for temporally-symmetric optical waveform generation [14] , and by using spatially patterned amplitude and phase masks for Fourier spectrum modification [15] . Nevertheless, they face limitations such as stringent requirements on customized equipment and procedures for advanced grating writing, an inability to accurately shape pulse edges, limited temporal feature resolution imposed by the narrow pulse bandwidths, and the necessity to fabricate a costly new mask for each new pulse shape. Above all, none of these previously demonstrated techniques allow for practical optical arbitrary waveform generation (OAWG). This presents an unmet need for new techniques.
Beyond temporal pulse shaping, spatial shaping (intensity profile and polarization state) also provides an exciting avenue for exploration as a means to enable better laser processing performance. A notable example is the creation of borehole geometries with improved contour accuracy and quality, because the polarization of the laser beam has been shown to play a decisive role [16] . The commonly used linearly polarized beams induce different absorptions in different cutting directions, which leads to borehole outlet distortion and linear elongation [17] . In contrast, circularly symmetric radially and azimuthally polarized beams eliminate that effect and are used to improve the accuracy of e.g. laser cutting [18] and microhole drilling [16] , with both continuous-wave (cw) lasers [18] and pulsed lasers [19, 20] . In particular, doughnut-shaped beams have steeper intensity gradients compared to traditional Gaussian beams [21] , which enables faster cutting and more precise marking. A number of sophisticated techniques have been developed for generating these unique beams in both continuous-wave and pulsed fiber laser systems [22] [23] [24] [25] . Typically, an appropriate beam-shaping element is placed after the final amplifier. More recently it has been shown that it is also possible to preferentially excite a doughnut shaped mode and to amplify that mode in a few-mode fiber. That latter approach has clear advantages in terms of efficiency and power scalability and has thus been employed in the final amplifier described here.
Therefore, in this paper, we demonstrate the use of a fiberized spectral shaper to temporally shape pulses with durations in the range 10 -100 ps with real-time computer control by the user. Intentionally offsetting the dispersion of an Yb-fiber chirped-pulse amplification (CPA) system seeded by a femtosecond laser creates linearly chirped pulses of suitable duration. The chirping also provides a simple means of mapping from frequency to time (i.e., it performs a dispersive Fourier transform), so that spectral shaping directly creates similarly shaped pulses in the time domain without the need for any active spectral-phase control. This provides a flexible and robust solution to the challenge of creating complex pulse durations in the 10-100 ps regime and to the best of our knowledge, this is the first time the ability to create OAWG in various vector modes has been demonstrated with picosecond pulses. As examples of the types of pulses that can be created, we show temporally square, stepped and multi-peaked shapes with radially and azimuthally polarized beams at an average output power of over 10 W. Further power-scaling is possible with fibers with larger mode area and with pulses with longer durations. With all essential parts using commercial off-theshelf technology, our technique can be immediately used in industry.
The paper is structured as follows. Section 2 describes the temporal and spatial shaping techniques employed and shows the schematic of our new Yb-fiber system. Section 3 describes the control algorithm. Section 4 describes and discusses the results, and finally we conclude in Section 5.
Experimental setup and system operation
The schematic of the picosecond pulsed Yb MOPA laser system is shown in Fig. 1 [26] . A 40-MHz repetition rate Yb-fiber mode-locked femtosecond oscillator seeds an Yb-fiber CPA system that boosts the pulse energy in the fundamental fiber mode without significant nonlinear distortions. The computer-controlled temporal shaping is done by a 'Waveshaper' (Finisar) at the front-end. Following the CPA, the pulses are only partially recompressed so the pulse duration is ~60 ps. A short length of single mode fiber strips out any spatial beam distortions then, as noted above, spatial shaping is done using an S-waveplate placed just before the few mode Yb-fiber final power amplifier. Further details are given below. 
Temporal shaping
Spectral/temporal shaping is accomplished using a single polarization optical pulse shaper (Finisar Waveshaper) with fiber pigtailed input and output ports. This is based on a spatial light modulator (SLM) and works across a wavelength range of 1019 nm -1076 nm. Although similar, ruggedly packaged commercial shapers have been widely used in telecoms for several years, in parallel with their free-space counterparts used in femtosecond systems [10, [27] [28] [29] , this type of device has only recently become available in the 1 µm wavelength band for use with pulsed Yb-fiber lasers (and thus compatible with commercially demonstrated high precision industrial marking applications). This is important as previous shapers used in the fs regime were typically based on free-space input and output beams, a setup which is less robust for industrial systems. The Waveshaper spectrally disperses the signal light over a liquid crystal on silicon (LCoS) chip with a two-dimensional array of pixels which can apply a controllable phase shift to incident light and can precisely tune the angle of reflection so as to control the strength of coupling to the output fiber. Hence, the spectral phase and amplitude of the signal is modulated. Through computer control, the user can specify a spectral phase and attenuation, which add to the Waveshaper's intrinsic spectral phase and attenuation (excess loss). For the device used here, the excess loss is ~4.2 dB and up to 25 dB of added attenuation can be specified.
The ~60 ps, linearly chirped output pulses from the CPA system undergo a far-field frequency-to-time map (FF-FTM) [30] enabled because the following temporal far-field condition has been met:
Here ′′ Φ is the second-order dispersion coefficient, Δτ 0 is the pulse duration calculated by taking the Fourier transform (FT) of the spectrum with a flat phase (e.g. RMS full-width), ∆ω is the width of the whole input spectrum (e.g. RMS full-width), and TBP is the timebandwidth product ( 0 / 2
The time domain is then the dispersive Fourier transform of the frequency domain (analogous to far-field Fraunhofer diffraction in the spatial domain [31] ) and hence the output has a temporal shape very similar to the spectral shape, facilitating the direct spectral shaping technique used here. The pulse width of the strongly chirped output pulse generated using this technique, ∆t 0 , is proportional to both ′′ Φ and ∆ω such that
. This is in contrast with methods based on direct spectral-domain shaping of transform-limited pulses, in which the temporal width of the generated non-chirped pulse is inversely proportional to the width of the shaped spectrum. An advantage of using the strongly chirped output pulse is that it enables synthesis of complex ps duration pulses with no need to filter out a large portion of the input spectral power and it thus facilitates the development of high efficiency and high power MOPA systems.
Spatial shaping
An S-waveplate was fabricated in-house and comprised two layers of spatially-varying subwavelength gratings produced by femtosecond laser pulse direct writing in a fused-silica window. These grating structures induce form birefringence with slow and fast axes aligned parallel and perpendicular to the grating direction respectively. The grating direction is continuously varied with azimuthal angle φ and aligned at an angle φ/2, so that a linearlypolarized incident beam aligned at φ = 0° is converted into a radially polarized beam [23, 32] . The S-waveplate at the input of the final amplification stage converts the linearly polarized laser beam from the Gaussian-like HE 11 fundamental mode at the output of the CPA system into a radially polarized doughnut-shaped beam (see Fig. 1 ) which is coupled into the fewmode Yb-doped fiber to excite the TM 01 mode. Due mainly to the strong Rayleigh scattering by microscopic inhomegeneities within the nanograting, the S-waveplate has a relatively low transmission efficiency of ~75% at ~1μm and furthermore, the resultant converted output vector beam is typically degraded in terms of beam quality -the theoretically achievable beam quality factor (M 2 ) is ~2.0 whereas the experimental value is typically ~2.8. Hence, the advantages of amplification of the doughnut-shaped mode to high power directly in fiber amplifier are that the desired beam profile is obtained with good beam quality and that there are no insertion losses for the high power beam at the amplifier output, which is a key point for improving the efficiency. A further benefit of amplifying in the doughnut shaped mode in the fiber is that the mode area is increased compared to the case of the fundamental mode thereby reducing the impact of nonlinearities and improving power handling.
The active Yb-fiber in the final amplifier is a weakly guiding few-mode fiber in which the effective indices for the four vector modes in the LP 11 group, i.e. TM 01 , TE 01 , HE 21e , HE 21o , are too close to split. As a result, the TM 01 mode is apt to experience strong mode coupling. In order to reduce the effect of intermodal coupling, the fiber is loosely-coiled with a large bend diameter (~25-30cm) and any sharp twists to the fiber are avoided. In this way, the output beam can preserve a doughnut-shaped intensity profile, although it is to be appreciated that the polarization state does evolve along the fiber length in the presence of any residual intermodal coupling. In this case, the output beam can be considered as a coherent superposition of these four vector modes. In particular, when the four vector modes meet the specific amplitude and phase relationship 01 01 21 21
, where θ and γ are arbitrary values, cos(θ), sin(θ), cos(γ) and sin(γ) are weighted factors of amplitude for each mode), a combination of properly oriented quarter-and half-wave plates at the output, as shown in Fig.  1 , can restore the pure radial (or azimuthal) polarization state with negligible loss, and therefore preserve the ability for power scaling.
System configuration
The Yb-fiber seed laser in Fig. 1 was mode-locked through nonlinear polarization rotation [33] and had a central wavelength of 1045 nm. It generated ~3 ps positively chirped, Gaussian-like pulses with filtered bandwidth of ~6.5 nm at a repetition frequency of 40 MHz. The output is coupled into the Waveshaper and the shaped optical pulses are stretched, amplified by 33.2 dB, and partially re-compressed to provide a final average power of 500 mW at the fiber CPA output without any significant accumulation of self-phase-modulation (SPM) related distortion as described in ref [34] . The degree of temporal stretching at the output is controlled by the grating separation in the compressor. We selected a stretched output pulse duration of 60 ps which corresponds to a large stretch ratio of 120 compared to the transform-limited pulse width of ~500 fs. The time-to-wavelength conversion factor of the chirped-pulse output is around 9.3 ps/nm, which corresponds to a second order dispersion coefficient, 2 β , of 5.4 ps 2 . Note that commercial femtosecond lasers and even rod-fiber based CPA systems are available which would potentially be compatible with our shaping technique. Furthermore, it may be possible to design a stretcher based on large core singlemode-fiber or a chirped fiber-Bragg grating that enable amplification of the 60 ps pulses directly without the need for an offset compressor.
After the CPA system, a short length of single mode, single-cladding, polarization maintaining (PM) fiber (Nufern FUD-3460) was placed after a single-polarization free-space isolator to ensure a Gaussian profile is launched through the S-waveplate. The average output power after the mode stripper was 150 mW. The S-waveplate then converts the beam to the desired doughnut-shaped beam with radial polarization, through diffraction between the Swaveplate and the launch into the final amplifier.
The final amplifier comprised a 2.5-meter-long few-moded, low-photodarkening, large mode area (LMA) Yb 3+ -doped fiber (LIEKKI Yb 1200-25/250DC) with core and cladding diameters of 25 µm and 250 µm and NA values of 0.070 and 0.48, respectively). The amplifier is backward cladding-pumped with a 975 nm fiber pigtailed laser diode. To avoid any optical damage on the air-silica interface and to suppress any parasitic oscillations, both ends of the fiber were spliced to coreless endcaps with a diameter of 250 µm and a length of ~1.5 mm. The input end facet was perpendicularly cleaved to facilitate the excitation of the TM 01 mode in the fiber core, and the output end-facet was angle-cleaved with an angle of ~8 degree to further suppress feedback in that end.
The radially polarized TM 01 mode or azimuthally polarized TE 01 mode was obtained and confirmed by tuning the waveplates at the system output whilst monitoring the output beam with polarization optics and a silicon charge-coupled device (CCD) camera. The algorithm controlling the Waveshaper uses feedback from the spectrum recorded on an optical spectrum analyzer (OSA), as described below in Section 3.
Closed-loop control system and validation results
Achieving the targeted temporal shape requires accurately creating the required spectral profile at the system output. However, if no feedback were used to compensate for gaininduced reshaping and any inhomogeneity in the Waveshaper response then this would require detailed amplifier and Waveshaper characterization. Therefore, we developed a closed-loop feedback algorithm using the measured output spectrum so that the whole system is treated as a black-box and an iterative approach is then used to compensate for any distortions. Shaping was improved notably by running the code for just a small number of iterations.
Experimental implementation revealed that the simplest algorithms that relied on a spectrally uniform response from the shaper and the ability to create arbitrarily high input attenuation suffered because of differences between the Waveshaper resolution and our measured minimum feature width for strong attenuation (e.g. 100 pm for 3-dB features, and wider still for larger attenuation) as well as the obvious need for calibration vs. the OSA. Creating more complex variants of the algorithm with power normalizing steps inserted enabled us to achieve the required results, as described below. A learning algorithm would perhaps be even better, but this was not attempted.
The algorithm as finally implemented is shown in the flowchart in Fig. 2 . First, before entering the iterative feedback loop, the attenuation of the Waveshaper was set to zero for all wavelengths and the wavelength mismatch between the Waveshaper and the OSA was measured. The mismatch is then compensated for in all calculations. The subsequent iterative feedback loop consists of five main steps: (1) The spectrum at the output of the CPA system is measured using an OSA and loaded into the computer. (2) A desired light spectrum is calculated with the targeted shape and the same pulse energy as that in the measured spectrum. (3) The required modification or attenuation profile is calculated by taking the difference between measured and desired spectra. This is done at the 1-GHz spectral sampling grid of the Waveshaper, and the spectrum from the OSA is interpolated to that grid. The modification is added to any previous attenuation spectrum stored from earlier iterations. (4) The mean spectral fluctuation (i.e. unwanted spectral ripple) in the measured spectrum is evaluated. The attenuation for the whole spectrum is reduced by a tunable fraction (0.5 for our system) of the mean fluctuation. We found that this improves the stability of the feedback loop for the nonlinear system and also makes it more resilient to ripples. Any attenuation values calculated to be negative (i.e. gain) were set to zero and all attenuation values larger than 25 dB were set to 25 dB, which ensured that all the attenuation values are within the specified setting range for the Waveshaper. (5) The calculated attenuation spectrum is sent to the Waveshaper by the program and as soon as the Waveshaper finishes changing the orientation of the liquid crystals in the SLM a new spectrum is measured and loaded into the computer according to Step (1) of the loop. It can be seen from Fig. 3(a) that our control algorithm works very efficiently for the shaping of a square spectrum from 1040.75 nm to 1047.25 nm. After the first iteration, the irregular initial spectrum has already been effectively flattened to better than 2 dB difference between the maximum and the minimum value within the desired bandwidth. Two additional loops further reduce the ripples and create smoother spectra with ~1 dB variations. Due to the strong and predominantly linear chirp, this square spectral profile corresponds to a square pulse in the temporal domain. Our optimized algorithm also works efficiently for the generation of a range of different pulse shapes, including step pulse, double peak energy bridge (DPEB) pulse, and triple peak energy bridge (TPEB) pulse as shown in Fig. 3(b) . The corresponding pulse in the time domain of the shaped spectra can be calculated from the spectra by incorporating the chirp in the spectral phase and Fourier-transforming the result according to Eqs. (2)-(4) below, while the autocorrelation (AC) is given by Eq. (5).
Here ( ) ϕ ω  is the small phase offset remaining due to the mismatch in applied phase between the stretcher and compressor, ∆L is the change in compressor grating separation when one of the gratings is moved away from the minimum pulse-width position, and 2 3 4 , , β β β and 5 β are the second, third, fourth and fifth order dispersion coefficients of the compressor, which are -9.37 × 10 −2 ps 2 /mm, 1.10 × 10 −3 ps 3 /mm, -2.10 × 10 −5 ps 4 /mm, and -5.70 × 10
ps 5 /mm, respectively. The values of these parameters were obtained from calculations based on standard formulae [35] and were confirmed by our phase retrieval algorithm based on similar principles to the Multiphoton Intrapulse Interference Phase Scan (MIIPS) method [36] . By far the dominant term is 2 β and hence the pulses are mainly linearly chirped.
As it is not possible to directly measure the features created using photo-diodes when they have durations as short as 5 ps, we confirmed the creation of the expected temporal profile using the second harmonic generation (SHG) AC trace. An example of the results obtained is illustrated in Fig. 3(c) . (Note that the y-axis of the spectrum is logarithmic (dB-scale) whereas the time-domain data shows the intensity on a linear scale.) Having calculated the temporal pulse shape from the measured spectrum, the expected SHG AC trace can be evaluated using Eq. (5). The result is compared with the measured SHG AC trace, as shown in Fig. 3(d) . The two traces match up well, which confirms that the result is as expected and our shaping technique is accurate. (Minor mismatches between the traces could perhaps be attributed to the effect of the in-band ASE which is present in the fundamental spectrum but does not contribute to the SHG process.) 
Experimental results and discussion
In this section we first show the temporal shaping of the amplified, 10 W output beam, then the spatial and polarization characterization data. An amplifier gain curve is also provided for the final power-amplifier. We created a selection of temporal pulse profiles: square pulse, step pulse, DPEB and TPEB. The results are shown in Fig. 4(a) . The gain in the final amplifier is ~20 dB but the ripples on the shaped spectrum that are often seen to arise with the onset of nonlinear effects in CPA systems are still within 2 dB. Hence the data confirm the shaping capability of our technique even with a total gain from the amplifiers after the Waveshaper as high as ~53.2 dB. The slope efficiency of the final amplifier is ~77%, as shown in Fig. 4(b) . The corresponding pulse trace in the time domain and the expected AC trace of the TPEB pulse were calculated using a FT as explained in Section 3. The traces are shown in Figs. 4(c) and 4(d) and the calculated AC trace agrees well with the measured AC trace.
The peak power of the square pulse, step pulse, the DPEB pulse, and the TPEB pulse in the time domain can also be calculated to be 5.1 kW, 11.8 kW, 11.4 kW and 10.7 kW, respectively. The high peak power values were enabled by mitigating the nonlinearity throughout the system, first by using a CPA architecture for the initial stages and then by maintaining sufficiently long pulses in the final amplifier so nonlinear shaping does not dominate. Note that with the 6.5 nm spectrum used here, the group delay control range of the Waveshaper is −13 ps to + 13 ps, which is insufficient for creating the required 50-60 ps pulses so some level of external dispersion is vital.
The twin goals of achieving high power-conversion efficiency and minimizing nonlinearity work together in our approach of performing all temporal shaping and modeconversion before the power amplifier, as it avoids having components with high loss at the output and thus minimizes the output required from the amplifier needed to achieve 10 W for the envisioned machining task. Spatially, our attention focused on the widely used radially and azimuthally polarized doughnut-shaped modes (corresponding to TM 01 and TE 01 modes in fibers). After optimizing the launch of the radially polarized beam into the few-mode YDF, a doughnut-shaped output beam was successfully achieved. This was confirmed by monitoring the beam intensity distribution using a CCD camera. While the doughnut-shaped beam profile was well maintained, the polarization state changed slightly with variation of the output power, but was otherwise stable when running over several hours in the laboratory environment in the absence of any excess external perturbation to the few-mode YDF. We were able to compensate this change of polarization and re-establish radial polarization through a combination of appropriately oriented quarter-and half-waveplates. Moreover, an azimuthal polarization could be produced by rotation of the half-waveplate by 45°. The measured beam profiles after the final amplifier and waveplates are shown in Figs. 5(a) and 5(b) . The inset images in the bottom right of each figure show the mode profiles observed after passing through a linear polarizer oriented in the directions indicated by the white arrows. The images show good purity of the radially and azimuthally polarized modes. Our technique can be used in industrial applications of future systems. The speed of the iterative control algorithm may prevent rapid switching between a range of temporal profiles as might be envisioned for complex machining tasks, but this in no way limits the flexibility as it would be feasible to first test and optimize the temporal profile for each stage of a process using the flexibility of the OAWG and then to restore the different shaping profiles and rapidly recall them on-demand. In regards to the fixed spatial profiles we have demonstrated mode conversion using a fixed S-waveplate. An alternative is to use an SLM for spatial shaping at the input to the final amplifier thus enabling cycling between different temporal and spatial mode combinations as demanded by the processing task.
Conclusions
In conclusion, we have demonstrated arbitrary pulse shaping in the temporal domain, with picosecond duration pulses from an Yb-fiber laser system, combined with effective amplification of a doughnut-shaped beam with radial/azimuthal polarization in the spatial domain. Temporal shaping was achieved using an offset between the stretcher and compressor dispersion in a fiber CPA system to create a linear map from the frequency to the time domain and then simply shaping the spectrum with a rugged, commercially available, fiberized, SLM based, computer-controlled 'Waveshaper'. The technique we demonstrate is therefore convenient and robust. The use of an iterative closed-loop control algorithm has enabled the demonstration of four complex pulse shapes that are known to improve processing efficiency with shaped pulses operating in the ns regime, but these in no way represent the limit of the capability that this highly flexible architecture enables. The high output power and high efficiency achieved while producing purely radially or azimuthally polarized doughnut-shaped beams show that the potential exists for further power scaling, for example by using a final amplifier with larger mode area. This combination of temporal and modal flexibility with an off-the-shelf fiberized pulse shaper and having high power and high efficiency promises a step-change in capability for a range of fundamental science and practical laser applications.
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